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 Abstract       Heavy metal pollution can affect the immune capability of organisms. We evaluated the effect 
of cadmium (Cd) on the defense responses of the Pacifi c oyster  Crassostrea  gigas to  Listonella  anguillarum 
challenge. The activities of several important defensive enzymes, including superoxide dismutase (SOD), 
glutathione peroxidase (GPx), acid phosphatase (ACP), Na + , K + -ATPase in gills and hepatopancreas, and 
phenoloxidase-like (POL) enzyme in hemolymph were assayed. In addition, the expression levels of several 
genes, including heat shock protein 90 (HSP90), metallothionein (MT), and bactericidal/permeability 
increasing (BPI) protein were quantifi ed by fl uorescent quantitative PCR. The enzyme activities of SOD, 
ACP, POL, and GPx in hepatopancreas, and the expression of HSP90 were down-regulated, whereas GPx 
activity in the gill, Na + , K + -ATPase activities in both tissues, and MT expression was increased in Cd-
exposed oysters post L .  anguillarum  challenge. However, BPI expression was not signifi cantly altered by 
co-stress of  L .  anguillarum infection and cadmium exposure. Our results suggest that cadmium exposure 
alters the oysters’ immune responses and energy metabolism following vibrio infection. 
 K eyword : cadmium;  Listonella  anguillarum ;  Crassostrea  gigas ; defensive enzyme; gene expression 
 1 INTRODUCTION 
 In recent years, intensive anthropogenic activity 
around the Bohai Sea has resulted in severe pollution 
from heavy metals, including cadmium, lead, mercury, 
and arsenic (Zhang, 2001). Cadmium, a non-essential 
metal element for organisms, has become increasingly 
prevalent because of unregulated discharges from 
zinc mining operations along the Bohai coast (Zhang, 
2001). Cadmium concentrations in the tidal zone of 
the Bohai Sea are ~20 mg/kg in the sediment, which 
is 100  higher than background levels (Qin et al., 
2006). Furthermore, Cd concentrations of up to 
50 μg/L have been recorded in heavily polluted 
estuaries or harbors (Chester, 1990; Zhang, 2001). 
Cadmium is toxic to organisms and interferes with a 
number of physiological processes by causing 
oxidative stress, metabolic disturbance, and hemocyte 
apoptosis (Sokolova et al., 2004; Li et al., 2011; 
Zhang et al., 2011; Sokolova et al., 2012). Given these 
effects and the high concentrations in Bohai Bay, 
there are likely signifi cant, but currently 
undocumented, environmental effects. 
 In addition to being stressed by heavy metal 
contaminants, marine organisms in the Bohai sea are 
also exposed to a variety of pathogens, including 
trematodes and  vibrios .  Vibrios are relatively common 
in estuarine environments and are one of the primary 
pathogens infecting aquatic organisms (Deng et al., 
1992; Flick, 2007).  Listonella (= Vibrio )  anguillarum 
(Thompson et al., 2011) was identifi ed as the causative 
agent of mass mortality in oysters. The complex 
interaction between vibrio infections and exposure to 
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environmental pollutants results in constant outbreaks 
of oyster vibriosis and has a signifi cant impact on 
oyster production throughout the world (Deng et al., 
1992; Hauton et al., 2000; Flick, 2007). 
 The Pacifi c oyster  Crassostrea  gigas , is an 
economically important shellfi sh in the coastal 
provinces of North China and is widely cultured along 
the Bohai coast (Pauley et al., 1988). Because of its 
high tolerance to contaminants,  C .  gigas  is thought to 
be an ideal sentinel for pollution monitoring programs 
(Bouilly et al., 2006; Bado-Nilles et al., 2010). 
However, few studies have evaluated the infl uence of 
cadmium exposure on the immune responses of the 
Pacifi c oyster to  L .  anguillarum challenge. Because 
of the presence of both cadmium pollution and  vibrio 
pathogens in the marine environment, there is a need 
to determine the sublethal effects of cadmium 
exposure on the immune response of  C .  gigas to  L . 
 anguillarum challenge. 
 The immune response of mollusks involves a series 
of cytoprotective measures to minimize the adverse 
effects of external stressors. Excessive ROS induced 
by heavy metal contaminants and pathogen infection 
causes oxidative damage to cell components such as 
lipids, proteins, and nucleic acids (Kannan and Jain, 
2000; Pena-Llopis et al., 2003). Antioxidant enzymes, 
including SOD and GPx, play an important role in 
removing ROS (Jing et al., 2007; Jo et al., 2008). In 
addition, heat shock proteins (HSPs) and 
metallothioneins (MTs) represent two forms of stress-
defense proteins that maintain cellular homeostasis 
(Wang et al., 2009; Zhang and Zhang, 2012). The 
activity of acid phosphatase (ACP) and phenoloxidase-
like (POL) enzymes is often used to evaluate the 
immune state of mollusks (Verma et al., 1980; Cong et 
al., 2008). The bactericidal/permeability increasing 
protein (BPI) plays a critical role in the defense against 
Gram-negative bacteria (Elsbach and Weiss, 1993). In 
addition, Na + , K + -ATPase is an important membrane 
enzyme responsible for energy expenditure during the 
immune response and detoxifi cation (Jorgensen and 
Pedersen, 2001). Our objective was to determine the 
effect of cadmium exposure on the defense responses 
of the Pacifi c oyster to  L .  anguillarum invasion. The 
Pacifi c oysters were pre-exposed to cadmium and then 
co-challenged with  L .  anguillarum . The activities of 
antioxidant enzymes (SOD, GPx), energy metabolism-
related enzyme (Na + , K + -ATPase), immune-related 
enzymes (ACP, POL), and the expression profi les of 
defense-related genes (HSP 90, MT and BPI) were 
subsequently measured. 
 2 MATERIAL AND METHOD 
 2.1 Animals and treatments 
 L .  anguillarum M3 was cultured and harvested as 
described previously (Cong et al., 2008). The 
concentration in the fi nal exposure experiment was 
5×10 6 CFU/mL (Brown, 1981). To minimize trauma to 
the oysters, L .  anguillarum was added to the seawater 
following pre-exposure to cadmium instead of being 
injected into the muscle. 
 One hundred and eighty  C .  gigas (mean 
weight=54.1 g) were purchased from an unpolluted 
culture facility (0.1–0.2 μg cadmium/L seawater) on 
Yangma Island near Yantai City. The animals were 
acclimated in aerated seawater (25  2  C, salinity of 
32; collected from an unpolluted area) in plastic tanks 
under laboratory conditions for 14 d and fed with the 
 Isochrysis  galbana . Seawater was changed entirely 
daily. After acclimation, the oysters were divided into 
three groups, each consisting of three tanks. The fi rst 
group were held in normal seawater throughout the 
experiment (control). The second group ( La -exposed 
group) were held in normal seawater for the fi rst 48 h, 
then challenged with  L .  anguillarum (5×10 6  CFU/
mL). The third group (Cd+ La -exposed group) were 
exposed to Cd 2+ (20 μg/L)   throughout the experiment 
and challenged with  L .  anguillarum (5×10 6 CFU/mL) 
after 48 h. The concentration of Cd used in the 
experiment (20 μg/L) is similar to that at several 
points along the Bohai coast and has been used by 
many researchers to study the adverse effects of 
cadmium on the mollusks (Zhang, 2001; Wu and 
Wang, 2011; Liu et al., 2012). When appropriate, Cd 2+ 
and  L .  anguillarum were added to the tanks daily 
following seawater exchange. There was no mortality 
during the experiment. Five oysters were removed 
randomly from each group and dissected immediately 
at time 0 (time of fi rst exposure to Cd in group 3), 48 
(time of initial exposure to  L .  anguillarum  in groups 2 
and 3), 52, 56, 60, 72, and 96 h. The gill and 
hepatopancreas tissues were fl ash-frozen in liquid 
nitrogen after dissection. A slice of hepatopancreas 
was removed and immediately immersed into Trizol 
reagent (Invitrogen) for RNA extraction. The 
hemolymph was sampled from the pericardium of 
oysters using a syringe. All the samples were stored at 
-80°C before further processing. 
 2.2 Enzyme assays 
 The gill and hepatopancreas tissues were ground in 
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liquid nitrogen, and the enzymatic activities of SOD, 
GPx, Na + , K + -ATPase, and ACP were assayed using a 
multiskan spectrum microplate spectrophotometer 
(Infi nite M200, TECAN) according to the 
manufacturer’s protocols (Jiancheng, Nanjing, 
China). The hemolymph was centrifuged at 3 000 r/
min at 4°C for 5 min, after which the supernatant was 
collected. L-DOPA (Sigma) was used as the substrate 
to assay POL activity, as described by Cong et al. 
(2008). Total protein concentration was measured 
using a BCA assay kit (Pierce). All enzyme activities 
were measured in triplicate and expressed as unit 
activity per mg of protein, where one unit represents 
the change in absorbance mg/protein. 
 2.3 RNA extraction and gene quantifi cation 
 Total RNA from the hepatopancreas was isolated 
following the manufacturer’s directions (Invitrogen), 
and fi rst-strand cDNA synthesis was carried out 
according to M-MLV RT Usage information 
(Promega) using oligo (dT)-adaptor (5′-CTCGAGAT-
CGATGCGGCCGCT 17 -3′) as the primer and the 
DNase I-treated (Promega) total RNA as template. 
Gene-specifi c primers for HSP90, MT, BPI, and the 
internal control β-actin (Elsbach and Weiss, 1993; 
Ivanina et al., 2010) were used to amplify amplicons 
specifi c for  C .  gigas . The sequences of primers and 
the length of amplicons are given in Table 1. The 
fl uorescent real-time quantitative PCR amplifi cations 
were carried out in triplicate, and the program and 
computational method were the same as described 
previously (Livak and Schmittgen, 2001; Cong et al., 
2008).  
 2.4 Statistical analysis 
 Differences between the control,  La -, and Cd+ La -
exposed groups were assessed using a one-way 
ANOVA followed by Tukey’s test. All tests were 
conducted using Minitab 15.0 (TechMax. Information 
Technology Co. Ltd.). All data are presented as the 
mean±standard deviation ( n =5 individuals). 
 3 RESULT AND DISCUSSION 
 3.1 Enzyme activities 
 Both cadmium exposure and  L .  anguillarum 
challenge induce an imbalance of oxygen metabolism 
in living organisms by formation of reactive oxygen 
species (ROS) (Fridovich, 1975; Sokolova et al., 
2004; Labreuche et al., 2006; Zhang et al., 2011). 
Among the antioxidant enzymes, SOD is the fi rst 
defensive enzyme to neutralize superoxide and helps 
to protect against cell destruction (Fridovich, 1975). 
In our study, pre-exposure to cadmium did not affect 
SOD activity in either the hepatopancreas or gill 
tissues (Fig.1). SOD activity was signifi cantly 
 Table 1 The primers* and amplicons of cDNA sequences from  C .  gigas 
 Gene  GenBank accession #  Forward primer (5′–3′)  Reverse primer (5′–3′)  Length of the amplicon (bp) 
 HSP90  EF687776  TACTCCGCCTACTTGGTTGC  GGGATAGCCGATGAACTGAC  237 
 MT  AJ243263,  AJ242657,  AJ297818  ATGTGTCTGCTCTGATTCGTGTC  ACTTGACTTTGCAGCCTGAAC  98 
 BPI  AY165040, FJ669296–FJ669322  GTCGAACCAAAACTTAATGAACTC  TGCAATCAAAAGTGTGTCCTTG  114 
 β-actin  AF026063  GCCCTGGACTTCGAACAA  CGTTGCCAATGGTGATGA  100 
 * Primers specifi c to the selected genes were used to amplify products (90 to 300 bp in length) to check mRNA expression of the target genes. 
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 Fig.1 SOD enzyme activity in the hepatopancreas (a) and 
gills (b)  
 Data are expressed as mean  SD ( n =5 individuals) and were 
analyzed by one-way ANOVA. Columns with different letters are 
signifi cantly different ( P <0.05). 
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elevated in the hepatopancreas of the  La -exposed 
group at 52, 72, and 96 h but signifi cantly lower than 
the control at 56 and 60 h ( P <0.01). Conversely, SOD 
activity was lower than the control group at 52, 60, 
and 96 h ( P <0.01) in the Cd+ La -exposed group but 
higher at 56 h ( P <0.05) and 72 h ( P <0.01). In gill 
tissue, SOD activity was signifi cantly higher in the 
 La -exposed group at 52 h ( P <0.01), but signifi cantly 
lower at 60 and 96 h ( P <0.01) in comparison with the 
control. The changes in gill SOD activity in the 
Cd+ La -exposed group were similar to those in the 
hepatopancreas. SOD activity was elevated at 52 h, 
post  L .  anguillarum exposure, and peaked at 56 h. 
Our results suggest that exposure of cadmium inhibits 
the SOD response against vibrio challenge. 
 The pattern of change in GPx differed between the 
hepatopancreas and gill tissues (Fig.2). In the 
hepatopancreas, GPx activity was signifi cantly higher 
in the  La -exposed oysters than in the Cd+ La -exposed 
oysters ( P <0.01) at 52 h, and both were signifi cantly 
higher than in the control group ( P <0.01). At 60 h, 
GPx activity was signifi cantly lower in the two 
challenged groups relative to the control group 
( P <0.01). Pre-exposure to cadmium induced a 
signifi cant decrease in gill GPx activity at 48 h 
( P <0.01) compared with the other groups, suggesting 
that gill GPx activity was highly susceptible to 
cadmium exposure. Our observations are consistent 
with a previous study which concluded that inhibition 
of GPx was more pronounced in the gill than in the 
hepatopancreas (Cossu et al., 1997). We hypothesize 
that this difference refl ects the gills’ role at the 
interface between the internal and external environ-
ments. Thus, adverse changes in the ambient 
environment likely elicit a more rapid response in the 
gills. The addition of  L .  anguillarum at 60 h, resulted 
in a signifi cant increase in GPx activity in the Cd+ La -
group relative to the other groups ( P <0.01), and a 
decrease in  La -exposed oysters. Thus, pre-exposure 
to cadmium appears to induce an increase in GPx 
activity to combat subsequent exposures to  L . 
 anguillarum . This may be explained by the hormesis 
phenomenon, in which pre-exposure to a low dose of 
toxicant enhances the production of defense 
substances to additional stimuli (Calabrese, 2008; 
Mattson, 2008). Alternatively, the response may 
represent a compensatory mechanism for the Cd+ La -
exposed oysters to neutralize excess superoxide given 
the inhibition of SOD activity, particularly as GPx 
operates downstream of SOD during the detoxifi cation 
of reactive oxygen species (McCord, 1993). At 96 h, 
GPx activity was signifi cantly lower in the gill of the 
 La - and Cd+ La -exposed oysters than in the control 
group, but were not different from each other. 
 ACP and POL are enzymes that play a role in the 
cellular immunity of invertebrates. ACP activity was 
signifi cantly higher in the hepatopancreas of the  La - 
and Cd+ La -exposed oysters than in the control group 
at 60 h ( P <0.01, Fig.3). Conversely,  L .  anguillarum 
challenge resulted in a decrease in gill ACP activity in 
the Cd+ La -exposed oysters at 52 h ( P <0.05), and in 
the  La -exposed oysters later at 56 h ( P <0.05). This 
suggests that pre-exposure to cadmium attenuates the 
ability of ACP to defend against pathogen invasions. 
Phenoloxidase (or phenoloxidase-like) is responsible 
for the synthesis of melanin and plays an important 
role in encapsulation of foreign materials such as 
pathogens (Aladaileh et al., 2007; Luna-Acosta et al., 
2010). POL activity was signifi cantly higher in the 
Cd+ La -exposed group than in the control after 56 h 
( P <0.05) whereas there was no difference between 
the  La -exposed and control groups. Thus, POL 
activity wasn’t affected by vibrio challenge alone, 
though pre-exposure to Cd resulted in down-
regulation of POL after the addition of vibrio. The 
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rapid decrease in ACP activity and reduction in POL 
activity suggests that Cd exposure reduces cellular 
immunity in oysters. 
 The Na + , K + -ATPase plays a role in a number of 
processes, including energy expenditure and ion 
regulation (Jorgensen and Pedersen, 2003). We 
observed a signifi cant reduction in Na + , K + -ATPase in 
the hepatopancreas of both of  La - and Cd+ La -exposed 
groups relative to the control ( P <0.01, Fig.5). 
Furthermore, Na + , K + -ATPase activity was lower in 
the Cd+ La -exposed group than in the  La -exposed 
group ( P <0.01) at 52 h. Interestingly though, the 
levels increased by 18 times and 31 times in the  La - 
and Cd+ La -exposed groups at 56 h and were both 
higher than the control ( P <0.01). Furthermore, the 
levels were higher in the Cd+ La -exposed oysters than 
in the  La -exposed group ( P <0.05, Fig.5). After 60 h, 
the Na + , K + -ATPase activity had decreased and was 
signifi cantly lower in both the  La - and Cd+ La -exposed 
groups compared with the control ( P <0.01), with 
levels in the  La -exposed oysters being lower than 
those in the Cd+ La -exposed group ( P <0.05). Taken 
together, these observations suggested that exposure 
to cadmium altered the Na + , K + -ATPase reponse to  L . 
 anguillarum challenge. At 72 h, Na + , K + -ATPase 
activity was signifi cantly higher in the Cd+ La -stressed 
oysters than in the remaining two groups ( P <0.01). 
The pattern of change in Na + , K + -ATPase activity was 
similar between the gill and hepatopancreas. The up-
regulation of Na + , K + -ATPase activity in  the gill and 
hepatopancreas of Cd+ La -exposed oysters suggests 
that more energy is expended resisting the co-stress of 
 L .  anguillarum infection and Cd exposure. This 
refl ects a disturbance of energy metabolism caused by 
Cd-exposure. Our observations are consistent with 
previous studies which showed that cadmium had a 
singifi cant effect on energy demand and supply, and 
resulted in increased energy expenditure (Cherkasov 
et al., 2006; Ivanina et al., 2010). 
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 3.2 Gene quantifi cation 
 The variation in gene expression levels is illustrated 
in Table 2. We observed a signifi cant increase in 
HSP90 expression in the Cd+ La -exposed group at 
48 h ( P <0.01) following a single exposure to 
cadmium. The addition of vibrio resulted in signifi cant 
increases in HSP90 expression in the  La - and Cd+ La -
exposed groups ( P <0.01) at 60 h. The relative 
expression of HSP90 in the  La -exposed group was 
almost 3-times higher than in the Cd+ La -exposed 
group ( P <0.01). At 72 h, there was a slight increase in 
HSP90 expression in both the  La - and Cd+ La -exposed 
groups ( P <0.01). HSPs are a class of molecular 
chaperones and are responsible for protein folding, 
assembly, and translocation in prokaryotic and 
eukaryotic organisms (Zhang and Zhang, 2012).  L . 
 anguillarum challenge was assoicated with a 
signifi cantly lower HSP90 response in Cd+ La -
exposed  group than in  La -exposed group. This 
suggests that Cd-exposure inhibits the response of 
HSP90 following L .  anguillarum invasion. The partial 
depression of HSP90 up-regulation suggests limitation 
of cytoprotection by molecular chaperones, which is 
likely to cause an increase in the number of misfolded 
proteins and subsequently result in disease or death 
(Barral et al., 2004; Masters and O’Neill, 2011). 
 MTs are a cysteine-rich protein that can help to 
protect against metal toxicity and oxidative stress 
(Fang et al., 2009; Wang et al., 2009). The expression 
of MT was signifi cantly higher in both the  La - and 
Cd+ La -exposed groups than in the control group at 
60 and 72 h ( P <0.01). In addition, MT was higher in 
the Cd+ La -exposed group than in the  La -exposed 
group at 72 h ( P <0.01). The higher number of MT 
mRNAs expressed in the Cd+ La -exposed group after 
the addition of  L .  anguillrum suggests that Cd-
exposure and vibrio challenge had an interactive 
effect on MT induction. Interestingly, the induction of 
MT after heavy metal exposure appears to decrease 
expression of most immune effectors in invertebrates. 
This phenomena is thought to represent a trade-off 
(Brulle et al., 2007) and may also explain why 
enhanced MT expression was accompanied with 
detrimental immune effects in the Cd-exposed oysters 
following exposure to  L .  anguillarum . 
 BPI expression was signifi cantly higher in the  La - 
and Cd+ La -exposed groups compared with the 
control group at 60 and 72 h ( P <0.01). However, there 
was no difference between the former two groups 
suggesting that Cd-exposure has little effect on BPI 
mRNA expression. 
 Based on our results, we hypothesize that exposure 
to cadmium modulates the oysters’ antioxidant system 
(Fridovich, 1975; Sokolova et al., 2004; Zhang et al., 
2011) which in turn slows the clearance rate of ROS 
produced by other external stimuli (Labreuche et al., 
2006) as well as  L .  anguillarum infection. Excessive 
ROSs are harmful to immune cells, and cause 
disturbances in immune response and energy 
metabolism (Kannan and Jain, 2000; Pena-Llopis et al., 
2003; Giannapas et al., 2012). The inhibition of POL 
and ACP activity likely refl ects a reduced capability for 
pathogen encapsulation and destruction. Furthermore, 
the partial depression of the molecular chaperon 
(HSP90) likely results in an increase in misfolded 
proteins and leads to abnormalities in immune cells 
(Zhang and Zhang, 2012). Prior research suggests that 
cadmium challenge disturbs energy balance in oysters 
(Ivanina et al., 2010). In our study, pre-exposure to 
cadmium study increased energy consumption during 
the defense response against vibrio.  
 Table 2 Expression levels of several genes at different time-points 
 Genes  Exposures  0 h  48 h  52 h  56 h  60 h  72 h  96 h 
 HSP90 
 Control  1.23±0.69  1.56±1.34  15.08±11.15  6.14±2.31  16.51±4.22  11.96±4.65  20.56±7.98 
 La -exposed  1.23±0.69  1.45±1.26  9.95±7.09  14.19±11.86  394.89±57.20 *  49.52±5.45 *  30.60±19.30 
 Cd+ La -exposed  1.23±0.69  23.37±9.01 **  4.16±1.65  13.65±9.04  121.44±33.11 **  51.65±16.72 *  24.42±13.40 
 MT 
 Control  1.02±0.18  0.44±0.09  4.75±2.35  0.62±0.31  0.92±0.02  0.60±0.13  0.35±0.17 
 La -exposed  1.02±0.18  1.07±0.21  2.59±1.59  0.57±0.52  28.04±7.59 *  6.27±1.16 *  0.43±0.08 
 Cd+ La -exposed  1.02±0.18  1.15±0.20  1.16±0.14  2.79±2.04  37.63±13.04 *  27.24±9.35 **  1.00±0.47 
 BPI 
 Control  1.35±1.09  0.82±0.19  0.72±0.18  0.36±0.18  0.57±0.26  0.43±0.28  0.63±0.06 
 La -exposed  1.35±1.09  0.79±0.21  10.03±6.20  0.29±0.04  62.78±21.09 *  8.00±0.52 *  0.72±0.25 
 Cd+ La -exposed  1.35±1.09  5.64±4.29  0.20±0.06  1.15±1.03  31.43±13.41 *  6.23±0.93 *  0.52±0.05 
 Asterisks represent a signifi cant difference compared with the control. *:  P <0.05; **:  P <0.01. 
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 4 CONCLUSION 
 We evaluated the effect of cadmium exposure on a 
range of defense parameters in the Pacifi c oyster to 
 Listonella  anguillarum challenge. The gill SOD, 
POL, and ACP activity, hepatopancreas GPx activity, 
and HSP90 expression were down-regulated, in Cd-
exposed oysters compared with  La -exposed oysters 
when both were challenged by L .  anguillarum . 
Conversely, gill GPx activity, Na + , K + -ATPase, and 
MT expression were up-regulated. Thus, cadmium 
exposure modulates the defense response of oysters 
by depressing the immune response and increasing 
energy expenditure. Our results provide insight into 
the joint effects of heavy metal contaminants and 
pathogens on sublethal responses in shellfi sh .
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